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The present study examined functional cortical reorganization during various 
stages of motor sequence learning using functional near-infrared spectroscopy 
(fNIRS). Motor sequence learning has been commonly dichotomized as implicit 
sequence learning and explicit sequence learning. During implicit learning, procedural 
aspects of the task, such as response time are learned. On the other hand, declarative 
knowledge of the sequence increases during explicit learning. Current research has 
largely been focused on separating the behavioural and neural correlates of these 
implicit and explicit sequence learning processes. However, this approach has also 
produced some inconsistent findings on the brain regions involved in motor sequence 
learning. Taking the interaction between implicit and explicit learning processes and 
the stage of motor skill acquisition into account may explain some of these 
inconsistencies. 
In this study, participants practiced a sequence tapping task for seven sessions 
without any a prior knowledge about the sequences used.  Improvement in response 
time was observed in the sequence that was repeated throughout the seven sessions, 
but not in the random sequences. A recall task administered at the end of each session 
showed that participants gained explicit awareness of the repeated sequence from the 
end of Session 2 onwards and they could recall the sequence perfectly before the last 
training session. Using a dual-task paradigm, it was also evident that performance of 
the repeated sequence had attained task automaticity by the end of the training. Hence, 
motor sequence learning proceeded with a ‘bottom-up’ progression in this study, 
where participants learned some procedural aspects of the task before declarative 
knowledge was gained.  
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fNIRS was used to measure oxyhemoglobin (HbO) concentration change in 
the cortical regions during the early learning phase, late learning phase and automatic 
phase of motor skill acquisition. Implicit learning was associated with increase in 
hemodynamic activities in the primary motor cortex (M1), supplementary motor area 
(SMA) and pre-supplementary motor area (pre-SMA). These regions are commonly 
implicated in execution and temporal coordination of sequential behaviors. During the 
sessions when explicit learning was taking place, as indicated by the performance in 
the recall task, activation was seen in dorsal-lateral prefrontal cortex (DLPFC), a 
region associated with rule learning and working memory.  Interestingly, the increase 
activation in DLPFC was accompanied by a decrease in SMA activity. Such findings 
support the notion that the implicit and explicit sequence learning processes can be 
competitive in nature. In addition, activity in the pre-SMA during the early and late 
learning phase is consistent with the role it plays in the acquisition of novel sequences 
and temporal control of over-learned sequence. Finally, when automaticity was 
obtained, activity in the M1 decreased, suggesting that there was an increased in 
neural efficiency where performing the practiced sequence. 
In conclusion, brain activity during motor sequence learning changes 
depending on the relative dominance of implicit and explicit processes and the stage 
of motor learning. In attempting to understand functional reorganization during motor 
sequence learning, frameworks and models of motor sequence learning have to take 
these two factors into consideration.  
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Chapter 1. Introduction 
Motor skill learning and motor sequence learning are important and essential 
abilities in our lives. Many behaviors and motor actions such as speaking 
grammatically, driving and playing the piano are sequential in nature. They require 
the capacity to combine and coordinate elementary discrete movements into a well-
articulated sequence of action (Gobel, Parrish, & Reber, 2011; Orban et al., 2011). 
The acquisition of these skills, motor sequence learning, is not a unitary phenomenon, 
but involves optimizing various procedural and declarative aspects of behavior 
(Moisello et al., 2011). With practice over a period of time, implicitly and/or 
explicitly learned behavior can change from effortful to effortless automatic skills 
(Karni et al., 1995; Steele & Penhune, 2010; Willingham, 1998). This process of 
motor sequence learning involves a multitude of cognitive and motor processes (Sun, 
Miller, Rao, & D'Esposito, 2007). With learning, structural and functional 
reorganization in terms of movement representation and brain activation changes are 
observed in the motor system (Dayan & Cohen, 2011; Doyon & Benali, 2005; 
Koeneke, Lutz, Esslen, & Jäncke, 2006)
1
. These activation changes can be detected 
from the change in concentration of hemoglobin in regional cerebral blood flow 
(rCBF) using functional near-infrared spectroscopy (fNIRS)(Hoshi, 2007). The main 
objective of this thesis is to examine functional cortical reorganization during motor 




                                                            
1 Animal and human studies on functional reorganization in motor learning have also looked at other 
areas such as changes in synaptic efficacy and cortical excitability (Dayan & Cohen, 2011). As these 




1.1 Motor sequence learning  
 
Motor sequence learning is multifaceted in nature, involving optimizing different 
aspects of complex sequential behavior. The most commonly studied distinction in the 
field of motor sequence learning is that between implicit and explicit learning 
(Penhune & Steele, 2012; Strangman, Heindel, Anderson, & Sutton, 2005). During 
implicit learning, the procedural aspects of performance, such as response time and 
synchronization between sequence elements, improve without the presence of 
conscious knowledge of the sequence. On the other hand, explicit sequence learning is 
characterized by the acquisition of declarative aspects of the skill such as conscious 
awareness of the discrete elements and their order in the sequence (Kantak, 
Mummidisetty & Stinear, 2012; Moisello et al., 2011; Song, Howard, & Howard, 
2007; Strangman et al., 2005). In studies of motor sequence learning, most research 
has focused on separating the behavioral and neural correlates of these two types of 
learning mechanism (Steele & Penhune, 2010).  
To date, there has been a wealth of non-human animal studies and human 
studies that highlight the key brain regions involved in motor sequence learning and 
allow us to generate hypotheses regarding the functionality of these regions with 
respect to motor sequence learning (Ashe, Lungu, Basford, & Lu, 2006; Penhune & 
Steele, 2012; Schendan, Searl, Melrose, & Stern, 2003). More specifically, a complex 
mechanism involving cortico-cerebellar and cortico-striatal networks has been 
highlighted in the learning and retention of motor skills (Doyon & Benali, 2005). It 
has been posited that the cerebellum is involved in feedback processing and error 
correction while the striatal system plays a role in sensorimotor associations and 
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memory consolidation of the learned motor skills (Halsband & Lange, 2006). In 
addition, these regions are strongly interconnected with cortical motor regions to 
perform various critical roles in motor sequence learning in humans (Dayan & Cohen, 
2011). The involvement of specific brain cortical regions in motor learning is 
described in detail in the following sections.  
Prefrontal cortex (PFC). The PFC is often implicated to a greater extent in 
explicit sequence learning than implicit learning (Aizenstein et al., 2004; Schendan et 
al., 2003; Willingham, Salidis, & Gabrieli, 2002).  Evidence from various studies 
have shown that this region supports rule learning (Strangman et al., 2005), goal-
oriented planned movements and maintenance of spatial sequences in working 
memory (Grafton, Hazeltine, & Ivry, 1995; Willingham, 1998). Lesions of the PFC 
affect temporal ordering of events in non-human primates (Petrides, 1995) and in 
human subjects (Petrides & Milner, 1982). In addition, chronic neural recordings in 
non-human primates also suggest that activity of the cells in PFC is modulated by the 
abstract temporal sequence of events (Ryou & Wilson, 2004). 
 In humans, when repetitive transcranial magnetic stimulation (rTMS) was 
applied to the dorsal-lateral prefrontal cortex (PFC), sequence learning was disrupted 
(Pascual-Leone, Grafman, & Hallett, 1995; Robertson, Tormos, Maeda, & Pascual-
Leone, 2001). Furthermore, brain imaging studies have also consistently shown that 
activation in this region was higher during the explicit learning process than the 
implicit learning process (Honda et al., 1998; Jenkins, Brooks, Nixon, Frackowiak, & 
Passingham, 1994; Steele & Penhune, 2010). It has been posited that the PFC is 
involved in the rehearsal of the sequence elements during learning (Ashe et al., 2006), 
holding information of the task online to enable sequencing of the behaviours to attain 
the task goals (Bapi, Pammi, Miyapuram, & Ahmed, 2005) and that it interacts with 
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the long-term memory storage to optimize explicit learning of the sequence 
(Aizenstein et al., 2004).  
Medial premotor cortex. Another area that has been highlighted in motor 
sequence learning studies is the medial premotor cortex (Ashe et al., 2006; Grafton, 
Hazeltine, & Ivry, 2002). Activity in this region has been associated with internally-
generated movement (Mier, 2000), and temporal coordination of sequential 
movements. Studies have shown that the medial premotor cortex is involved in many 
aspects of sequence production, such as coding the specific sequence, the intervals 
between elements of the sequence and their ordinal positions (Nachev, Kennard, & 
Husain, 2008; Nakamura, Sakai, & Hikosaka, 1998; Orban et al., 2011). For instance, 
some neurons may only respond to a specific sequence and a specific position within 
that sequence (Shima & Tanji, 2000). 
There is also evidence that the medial premotor cortex is comprised of at least 
two functionally distinct areas, the supplementary motor area (SMA) and the area 
rostral to it, the pre-supplementary motor area (Luppino, Matelli, Camarda, Gallese, 
& Rizzolatti, 1991; Y. Matsuzaka, Aizawa, & Tanji, 1992). Anatomical connections 
in these two regions differ in that the SMA is strongly connected to the motor 
apparatus, with projections to both the motor cortex and spinal cord, whereas the pre-
SMA has connections to the cognitive apparatus through the DLPFC. Based on these 
anatomical differences, Ashe et al. (2006) suggested that the pre-SMA may be 
involved in temporal control while the SMA combines this temporal coding with the 
motor output. 
Human brain imaging studies show that activation in this region is also more 
pronounced in tasks that require additional coordination effort with sequential 
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components (Toyokura, Muro, Komiya, & Obara, 1999). When sequential finger 
movement was compared to touching the thumb repetitively against all other finger 
tips, the SMA activation was significantly higher in the more complex sequential task 
(Shibasaki et al., 1993). In effect, SMA activation has been typically associated with 
the performance of learned sequences in motor sequence learning studies. On the 
other hand, pre-SMA is activated at the beginning of the acquisition of new sequences 
(Hikosaka et al., 1999). TMS studies have suggested that the pre-SMA may have a 
role in chunking of the overlearned sequences (Kennerley, Sakai, & Rushworth, 2004). 
Hence, consistent with the suggestions by Ashe et al. (2006), the SMA seems to be 
more involved in the preparation and execution of the sequential motor output and the 
pre-SMA is more involved in the temporal control of the sequence. 
Primary motor cortex (M1). The M1 is the site for controlling fine motor 
movement and the locus of long-term memory for learned motor skills movement 
(Agnew, Zeffiro, & Eden, 2004; Karni et al., 1995). Animal studies have shown that 
neurons in M1 can also exhibit anticipatory activity that is specific to the memorized 
sequence (Lu & Ashe, 2005). In human brain imaging studies, this region exhibits 
greater activity from sequential movement than simple repetitive movement of the 
same length (Catalan, Honda, Weeks, Cohen, & Hallett, 1998; C Gerloff, Corwell, 
Chen, Hallett, & Cohen, 1998). A recent study using anodal transcranial direct current 
stimulation (AtDCS) applied over M1 supports its role in implementing online 
performance gains and offline consolidation for implicit motor sequence learning 
(Kantak et al., 2012). In this study, M1-AtDCS applied during the practice session, 
but not the sham-AtDCS, lead to greater improvement in response time specific to the 
learned sequence. At retention, the M1-AttDCS condition also had better sequence-
specific performance gains than the sham condition. In addition, it has been shown 
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that this region also contains subregions that change their activity with the learning of 
new motor skills (Karni et al., 1995). In motor sequence learning studies, changes in 
performance such as decreases in response time and increases in synchronization have 
been observed to be positively correlated with the activity in M1(Honda et al., 1998; 
Steele & Penhune, 2010). It is posited to be the main structure involved in implicit 
motor sequence learning when optimization of various procedural aspects is encoded, 
stored and executed.  
In summary, it has been shown that, in general, implicit and explicit sequence 
learning involve distinct but overlapping brain regions. Some regions that have been 
identified to play important yet distinct roles in motor sequence learning include the 
prefrontal cortex, medial premotor area and primary motor cortex (Aizenstein et al., 
2004; Ashe et al., 2006; Penhune & Steele, 2012; Schendan et al., 2003; Willingham 
et al., 2002) 
 
1.2 Gaps in the current motor sequence literature in humans 
 
Although the literature suggests the key regions involved in motor sequence 
learning and the roles they play, there are also a large number of seemingly 
contradictory results (Ashe et al., 2006). For instance, although the SMA is posited to 
play an important role in temporal coordination of the learned sequence, its activation 
has not been observed consistently across studies (Nachev et al., 2008; Strangman et 
al., 2005). In addition, activation changes in the M1 with motor sequence learning 
have also not been conclusively established. Increases, decreases and a lack of change 
in blood flow to M1 have all been observed in various motor learning paradigms 
(Floyer-Lea & Matthews, 2005; Halsband & Lange, 2006; Strangman et al., 2005; 
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Witt, Laird, & Meyerand, 2008). It has been suggested that these inconsistencies in 
the motor sequence learning literature are a consequence of different degrees of 
implicit learning and explicit awareness across various studies and different stages of 
motor learning when the brain imaging was conducted (Ashe et al., 2006). 
Studies in motor sequence learning had focused on dissociating the effects of 
implicit and explicit learning. One commonly used task to study these processes is the 
Serial Response Time Task (SRTT) (Nissen & Bullemer, 1987), which is a four-
choice reaction time task with a repeating sequence that participants could learn even 
without conscious awareness of the regularities in the sequence (Aizenstein et al., 
2004; Strangman et al., 2005). Implicit learning is assessed by the reduction in 
reaction time between the repeated sequence and the random sequence. In order to 
study implicit learning purely, explicit learning is often minimized by using a 
complicated sequence, short response-to-stimulus interval (Destrebecqz & 
Cleeremans, 2001) or a dual-task paradigm (S. T. Grafton et al., 1995) that distracts 
participants’ attention from acquiring the declarative aspects of the sequence 
(Penhune & Steele, 2012; Seidler et al., 2002; Seidler et al., 2005). At the same time, 
this task can also be modified to study the interaction between explicit and implicit 
sequence learning. In these studies, typically participants would be told to look for the 
sequence during the SRTT task (Honda et al., 1998; Song et al., 2007). Alternatively, 
participants would be required to memorize the sequence before the task and to use 
the explicit knowledge they had acquired in the SRTT (Strangman et al., 2005). 
Attempts at dissociating implicit sequence learning from explicit sequence 
learning have generated important information about each mechanism (Penhune & 
Steele, 2012). However, such attempts are not always totally successful (Seidler et al., 
2005; Shanks & Channon, 2002) and the extent of implicit and explicit processes may 
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vary across studies (Penhune & Steele, 2012; Robertson, 2007). Some implicit 
sequence learning studies did not measure and account for the possible presence of 
explicit learning and its effects (Gobel et al., 2011; Steele & Penhune, 2010).  
Alternatively, participants who showed explicit awareness of the task may be 
removed from subsequent analyses (Sanchez, Gobel, & Reber, 2010). Paradigms that 
prevent explicit learning from taking place may also not represent the type of 
sequence learning that occurs in our daily activities well and lack ecological validity 
(Seidler et al., 2005; Shanks & Channon, 2002; Sun et al., 2007). It is common that 
we acquire a new skill in combination with the declarative knowledge of it, such as 
tapping out a phone number that we use regularly from our memory. On the other 
hand, we may not always possess prior information about the sequence during the 
learning process. During SRTT performance, learning may be implicit at the 
beginning, but with repeated exposure to the same sequence it is also likely that the 
individual might be able to verbalize some or all of the sequence elements (Robertson, 
2007; Sun, Merrill, & Peterson, 2001). The literature lacks studies that reveal a 
natural progression of motor sequence learning. 
In addition, it is now well-known that motor learning progresses through 
different stages (Luft & Buitrago, 2005). Unskilled effortful movement can become 
an effortless automatic behavior with extended practice (Witt et al., 2008). Learning 
goes through an early fast learning stage when performance improves rapidly within 
the first session (Halsband & Lange, 2006; Mier, 2000; Puttemans, Wenderoth, & 
Swinnen, 2005). Subsequently, with more practice, performance gains slow down 
across training sessions during the late learning phase until an asymptotic level is 
reached (Koeneke et al., 2006). With more training, the skill can become over-learned 
and automatic (Halsband & Lange, 2006; Witt et al., 2008).  
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With behavioral changes at different stages, brain regions and networks 
recruited for the skill also undergo changes and reorganization (Mier, 2000). 
Generally, an anterior-to-posterior shift in the activated brain regions is observed with 
motor skill learning (Halsband & Lange, 2006).  The early stages of learning are 
associated with widespread activations in anterior regions such as PFC and pre-SMA. 
These regions are associated with providing cognitive resources to ensure that action 
is carried out according to the novel task demands (Ghilardi et al., 2000; Leff et al., 
2008). When motor skills are well-learned, a more posterior-located network of 
primary and secondary motor areas is engaged instead (Floyer-Lea & Matthews, 2005; 
Puttemans et al., 2005; Witt et al., 2008).  These areas are associated with improved 
performance and coordination of the learned task. In addition, there is also a more 
extensive representation of the task in M1 with learning (Debaere, Wenderoth, 
Sunaert, Van Hecke, & Swinnen, 2004; Floyer-Lea & Matthews, 2004; Karni et al., 
1995; Witt et al., 2008). Nevertheless, as the task becomes automatic, a decrease in 
activation in M1 has also been observed. This observation has been associated with 
improved neural efficiency, which is also seen in expert professional musicians when 
comparing their motor task performance to that of novices (Floyer-Lea & Matthews, 
2005; Jäncke, Shah, & Peters, 2000; Puttemans et al., 2005).  
In most motor sequence learning studies to date, the stage of motor learning 
was not taken into account. Across studies, there are variable amounts of training 
prior to the imaging session (Witt et al., 2008). Studies have used the terms novel, 
prelearned and over-learned to describe the sequence used, but the degree of practice 
associated with each category of sequence varies widely across studies (Ashe et al., 
2006). As brain reorganization takes place with motor skill learning, it is possible that 
inconsistencies observed in the current literature are partly due to the differences in 
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the motor learning stage at the time of brain imaging (Halsband & Lange, 2006; 
Puttemans et al., 2005).  
 
1.3 Functional Near Infrared Spectroscopy (fNIRS) 
 
In fNIRS, measurements are made with light in the near-infrared range (between 
650nm and 930nm). Light can penetrate down to the cortex and sample a semilunar 
(crescent-shaped) volume beneath the optical source and detector (Figure 1) 
(Villringer & Obrig, 2002). In this wavelength region, oxyhemoglobin (HbO) and 
deoxyhemoglobin (HbR) are the dominant absorbers (Strangman, Franceschini, & 
Boas, 2003). Variations in absorption due to changes in local concentration of HbO 
and HbR in regional cerebral blood flow (rCBF) can be detected by modulations in 
the intensity of the emerging light (Hillman, 2007). Using multiple wavelengths and a 
modified Beer-Lambert law, relative concentration changes in these two absorbers 
can be quantified by the attenuation of near-infrared light intensity (Strangman et al., 








Figure 1. Semilunar volume sampled by NIR light passing through the cortex. 
 
To date, most studies of motor skill acquisition have been carried out using 
fMRI and PET (Leff et al., 2008). However, fNIRS also offers advantages as 
compared to these conventional tools for brain imaging. fNIRS uses noninvasive 
radiation and the setup is non-confining, less sensitive to motion artefacts, relatively 
less expensive and more portable (Leff et al., 2008; Strangman, Goldstein, Rauch, & 
Stein, 2006; Villringer & Obrig, 2002). Participants can adopt a sitting or standing 
position and have better postural control needed for the motor task (Hatakenaka, 
Miyai, Mihara, Sakoda, & Kubota, 2007). This flexibility renders optical imaging a 
potentially useful tool for studying functional reorganization for various motor tasks 
across multiple sessions. 
The validity of fNIRS has been demonstrated across various studies. Similar to 
fMRI and PET, fNIRS measures hemodynamic changes in cerebral blood flow that 
are correlated with neuronal activity (Strangman et al., 2006). NIRS-derived 
hemodynamic measurements closely parallel fMRI findings, including the timing and 
oxygenation changes expected. In a study that used both fNIRS and fMRI to monitor 
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motor reorganization after hemiparetic stroke, both detected very similar cerebral 
cortical activation (Kato, Izumiyama, Koizumi, Takahashi, & Itoyama, 2002).  For 
use in longitudinal studies, test-retest reliability of NIRS measurements was also 
found to be favourable compared to other neuroimaging modalities (Strangman et al., 
2006).  In summary, fNIRS can provide a valid measure for studying functional brain 
reorganization with motor sequence learning while offering some advantages that are 
not present in other imaging tools. 
 
1.4 Objectives of the current study 
 
The current study aimed to study the course of motor sequence learning with 
functional near-infrared spectroscopy (fNIRS) over multiple sessions with the Serial 
Response Time Task (SRTT; Nissen & Bullemer, 1987). A single repeated sequence 
was presented throughout the training sessions and changes in behavioural 
performance were compared with a set of random sequences. Instead of minimizing 
explicit sequence learning, a recall task was administered at the end of each session to 
track the development of the conscious knowledge of the sequence as an indication of 
the process of explicit learning. This learning trajectory was taken into consideration 
when interpreting changes in activations across multiple brain regions. Furthermore, it 
has been shown previously that randomly generated sequences can differ from the 
commonly used repeated sequences in SRTT in terms of simple frequency 
information (Reed & Johnson, 1994). As there are behavioral and imaging data that 
indicate that such frequency information can also be learned, the sequences used in 
the random condition for this study were designed to match the properties of the 
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repeated sequence as closely as possible (Amso, Davidson, Johnson, Glover, & Casey, 
2005; Tse, Low, Fabiani, & Gratton, 2012).   
In addition, fNIRS imaging sessions were conducted to examine functional 
reorganization of the cortical motor regions associated with the different stages of 
motor sequence learning. Hemodynamic changes associated with motor sequence 
learning from the early learning stage to the late learning stage and subsequently from 
the late learning stage to the automatic stage were studied. Increase in task 
automaticity was quantified with a dual-task paradigm that was administered 
separately after the SRTT. This was demonstrated by a reduction of the interference 
from the additional secondary task, leading to a better performance for the primary 
task (Puttemans et al., 2005).  
It was hypothesized that: a) prefrontal cortex would be activated during the 
sessions when explicit learning is taking place (Ashe et al., 2006; Robertson et al., 
2001; Strangman et al., 2005); b) the supplementary motor cortex would be more 
activated with the learning and execution of the repeated sequence as it is responsible 
for temporal coordination (Müller, Kleinhans, Pierce, Kemmotsu, & Courchesne, 
2002; Nachev et al., 2008; Shibasaki et al., 1993; Tanji & Shima, 1994); c) pre-
supplementary motor cortex would be more activated in the early learning phase when 
the repeated sequence is novel and also during the execution of the over-learned 
repeated sequence for chunking (Hatakenaka et al., 2007; Hikosaka et al., 1999; 
Nakamura et al., 1998) and d) activation in the primary motor cortex would increase 
with implicit learning during the delay learning phase as response time improves. 
However, when the repeated sequence can be performed with more automaticity, 
activation in this region would be lower (Karni et al., 1995; Puttemans et al., 2005; 
Steele & Penhune, 2010).  
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Chapter 2. Methods 
2.1 Participants 
Eighteen participants (seven females) between the ages of 21 and 29 (M = 
22.6, SD = 2.17) participated in this study. All participants were right-handed as 
assessed by Edinburgh Handedness Inventory (Oldfield, 1971; M = 83.53, SD = 
11.42), had no history of extensive training in any musical instrument and no history 
of neurological or psychiatric disease. The study was approved by the local ethical 
committee of National University of Singapore. Participants provided written 
informed consent in accordance with the Helsinki declaration and were paid for their 
participation. 
 
2.2 Motor tasks and stimuli 
Participants were trained and tested on sequences presented in a modified 
version of a serial reaction time task (SRTT; Nissen & Bullemer, 1987).  Four spatial 
cues were arranged horizontally in the middle of the display screen with a fixation 
cross located at the centre of the array (Figure 2). These four cues represented the 
positions of the possible target, and changed from grey to blue during the sequence 
presentation. Participants were told to respond as fast and accurately as possible when 
the cues were presented. Each participants used the fingers of his/her left hand to 
perform the task on a QWERTY computer keyboard by tapping the keys ‘F’, ‘G’, ‘H’ 
and ‘J’ with his/her little, ring, middle and index fingers, respectively. Stimuli were 
presented and accuracy and response time were recorded with Eprime 1.1 
(Psychology Software Tools, Pittsburgh, PA) on a desktop computer. 
Two 12-unit sequences (313432412142 and 241432342131; the numbers here 
correspond to the spatial position of the four cues) of comparable difficulty were used 
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as the repeated sequences in this experiment and participants were randomly assigned 
to learn one of them only. The unlearned sequence was used for a short practice at the 
beginning of the experiment to ensure that participants had understood the 
instructions. Both sequences comprised second-order conditional (SOC) transitions 
(Reed & Johnson, 1994). In these sequences, each unique element of the sequence (i.e. 
1, 2, 3 and 4) occurs for the same number of times and all possible first-order 
transition pairs (e.g. 1-2, 1-3 and 1-4) occur once, with no identical elements 
occurring next to each other (e.g. 11 and 22). The next element in the sequence cannot 
be predicted by the frequency of the individual element or by simple association of 
the first-order pairs, rather it can only be predicted from the two preceding elements 
in the SOC sequences (313 and 134 in the first sequence) (Destrebecqz & 
Cleeremans, 2001). In addition, both repeated sequences contain three reversal-type 
of SOCs (e.g. 121, 343).  
For the random condition, a set of pseudo-random sequences were generated 
to match the properties of each repeated sequence. We used the transition distance 
between elements in the SOC to construct sequences that have the same set of 
distances as the repeated sequence. Transition distance was operationalized as the 
relative distance between two elements. For instance, 13 and 2 4 were assumed 
to have the same distance of 2 units. In addition, each pseudo-random sequence also 
contains three reversal-type SOCs. The proportion of each unique element and first-
order transition pair in the subset were equal and identical to that of the repeated 
sequence (the alternative hypothesis in Chi-square tests that these proportions were 
unequal was not significant). These steps were taken to ensure that there were 
sufficient sequences for the random condition and the properties and difficulty level 
of these sequences matched closely to that of the respective repeated sequence. 
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Main learning task. An event-related design was adopted for this task 
(Figure 2). A single sequence was considered as an event and events were 
interspersed with a jittered inter-trial interval (ITI). A trial began with a get-ready 
stimulus, S1, where all four spatial cues were highlighted to notify participants about 
the upcoming sequence. S1was shaded differently for different condition/sequence 
types and this was counterbalanced across participants. It was on the screen for 500ms, 
followed by 1000ms during which all the spatial cues returned to grey before the 
sequence was shown. During sequence presentation, stimuli were presented at the rate 
of 2Hz. The target was highlighted for 150ms followed by 350ms of silent period 
before the next stimulus was presented.  
 
Figure 2.  Main learning task. 
 
There were four conditions in this experiment, repeated, random and two other 
conditions in which participants tapped a single key repeatedly at two different 
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frequencies (1.8 Hz and 2Hz). The last two conditions were included because in a 
pilot study (N=8) different tapping frequencies were observed for the repeated and 
random conditions. However, this was not observed in the current study (t(17) = 
0.822, p = 0.229) and therefore results from those control conditions will not be 
discussed.  
There were 72 trials for each condition per session. For the repeated condition, 
participants were shown the same repeated sequence for all trials. For the random 
condition, each pseudo-random sequence occurred once in a session only. The 
randomization of the conditions and the jittering of ITIs were optimized using 
OptSeq2 (http://surfer.nmr.mgh.harvard.edu/optseq/). The six best presentation 
schedules in terms of efficiency from OptSeq2 were used for the study and the 
duration of ITI ranged from 1s to 9s (M = 3.0s, SD = 2.42s).  
Participants were told that some sequences may appear more often than the 
rest, but they were not asked to try to memorize them. 
Dual task. A dual-task paradigm was used to assess the automaticity of the 
task performance.  Eight blocks of repeated and random conditions were presented 
with a tone counting task (Figure 3). The same cue was presented at the start of each 
block for the same duration as in the main learning task. Then, the sequence was 
presented for 27s followed by a 25s rest period. There were 4 cycles of each sequence 
type in a block and they were demarcated by a slightly longer silent period of 1s to 
make each sequence unit more obvious. At the same time, three different 100ms tones 
were presented at random times during the finger tapping sequence: high (2750Hz, 
50-67%); medium (1250Hz, 18-45%); and low (750Hz, 5-15%). Tone onset was 
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jittered between 250ms to 450ms. The total number of each tone presented in the 
eight blocks was the same for both conditions and across all participants.  
Participants were asked to focus on tapping, to minimize change in 
performance caused purely by change in attention allocation. They were asked to keep 
separate counts of the number of high and low tones, but not to count the medium 
tones. Two tones were used for counting to increase the difficulty level of this task 
because a pilot study with only one tone counted revealed a ceiling effect for a few 
participants by the end of training. The number of tones counted was recorded at the 
end of each block.  
Figure 3. Dual task. 
 
Explicit recall task. At the end of the experiment, participants were asked 
whether they noticed any sequence or any part of the sequence appearing more often 
than the rest. For participants who could recall the sequence or part of the sequence, 
they were asked to tap it out on the keyboard. Following that, they were asked 
whether they could remember which get-ready stimulus, S1, was associated with it 
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and they were asked to describe shading pattern of the S1 stimulus (i.e., identify the 
S1 stimulus they believed corresponded to the sequence).  
 
2.3 Procedure 
Participants were trained on the main learning task for one session per day for 
a total of seven sessions. At the first session, they were given detailed instructions 
about the learning task. A short familiarization block consisting of six trials of 
sequences not used for learning was administered to ensure that they had understood 
the instructions.  Functional near-infrared spectroscopy (fNIRS) recordings were 
scheduled for Sessions 1, 2, 4 and 7 to investigate functional reorganization during the 
early, delay and automaticity phase. Participants also performed the dual task in 
Sessions 1, 4 and 7 after the main learning task to investigate potential neural 
substrates of changes in task automaticity
2
. At the end of all sessions, the explicit 
recall task was also administered. However, if the participant could recall the entire 
sequence correctly for two consecutive sessions (Figure 4), then the explicit recall 
task was not administered in future sessions. Participants completed all seven sessions 
within 10 days. Furthermore, to keep the training schedule as consistent as possible 
across participants, days without training sessions were planned such that they only 
fell between Session 2 and 3, 4 and 5 and/or 5 and 6. All sessions were conducted in 
the same dimly lit and quiet room to minimize distraction and to optimize the 
collection of fNIRS data. 
                                                            
2 The schedule for fNIRS sessions and the number of training session were determined in a pilot study 
(N=8) using the same paradigm. Participants took 4 training sessions before their response time in the 
main learning task started to stabilize (delay learning phase) and 7 training sessions before reduction of 




Figure 4. Schematic illustration of the training schedule. 
 
In addition, a separate session was also arranged in which a volumetric 
structural T1-weighted magnetic resonance imaging (MRI) scan was obtained for 
each participant using a Siemens Tim Trio 3T MR scanner. Within the scanner, the 
nasion and pre-auricular points were marked with Beekley Spots ® (Beekley 
Corporation, Bristol, CT). The structural MRI (sMRI) scan was used for co-
registration of the functional fNIRS data. 
 
Setup for the Optical imaging. Optical imaging was performed with an ISS 
Imagent system (ISS, Inc., Champaign, IL), a frequency-domain oximeter. 
Frequency-modulated near-infrared light (690nm or 830nm, 110MHz) was conducted 
to the participants’ scalp with 48 optical source fibers (24 for each wavelength). For 
fNIRS measurement, source fibers emitting light at the two different wavelengths had 
to be co-localized as a pair, giving rise to 24 source locations. Photons that scattered 
through the head were collected by 16 detector fiber bundles connected to 
photomultiplier tubes (PMTs). These sources and detectors were held on the 
participants’ scalp with a rigid custom-made head-mount system (montage). Sources 
and detectors were arranged in groups of two parallel rows (1.7 cm to 2.5 cm apart 
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from each other) to create overlapping light channels so as to increase the spatial 
resolution and signal-to-noise ratio (Joseph, Huppert, Franceschini, & Boas, 2006). A 
schematic illustration of the source-detector placement is shown in Figure 5. 
 
 
Figure 5. A schematic illustration of the source-detector placement for the montage used in 
the experiment. Green, red, and orange circles represent source pair locations and black 
circles represent detector locations. The Cz location (10-20 system) was determined and used 
to position the montage.  
 
Before the placement of the montage, the position of Cz was located and 
marked. The montage was positioned on the scalp with reference to this point to 
ensure that the montage covered the motor areas in both hemispheres. It also served to 
improve on the consistency of montage placement across sessions. After the montage 
was positioned, coordinates of 230 points on the scalp, including the locations of 
source-detector pairs and three fiducial points (nasion, left and right pre-auricular 
points), were digitized using ASA 4.5 software (ANT, Netherlands) in conjunction 
with an infrared camera and 3-dimensional digitization system (Visor, ANT BV, 1mm 
spatial resolution). These points were used for calculation of the exact source-detector 
distance for data analysis and, more importantly, for co-registration of functional 





The individually co-registered data were then Talairach-transformed to permit 
comparison across subjects (Talairach & Tournoux, 1988).   
The ISS Imagent control box was connected to a computer that controlled and 
recorded the intensity signals that were emitted and received. The sampling rate used 
in this study was 19.5Hz, giving rise to a 51.3ms sampling interval.  During this 
interval, light sources were time multiplexed to allow different sources to be 
distinguished from each other. Light intensity and phase-delay data were computed 
and stored in ASCII format in the computer during the recording.    
 
2.4 Data Analyses 
 
Behavioral data. Mean proportion of correct response per trial (accuracy) and 
the mean response time for each correct response (RT) were used to assess 
performance changes in the main learning task. A two-way repeated measures 
analysis of variance (RM-ANOVA) with sequence (repeated and random) and session 
(1 to 7) as factors was performed for each behavioural measure in SPSS. As 
performance was expected to improve with each session until it reached asymptote, 
planned repeated contrast
3
 was used. In this contrast, the mean of each level (except 
for the last) was compared to the mean of the subsequent adjacent level. Hence, the 
change in performance between each consecutive session can be assessed.  
 Gains in automaticity were assessed by the reduction in interference when the 
sequence tapping was performed in conjunction with a secondary task in the dual task 
paradigm. Similar to the main learning task, two-way RM-ANOVAs were conducted 
                                                            
3 Repeated contrast here refers to a type of statistical contrast. It is not referring to the repeated 
sequence. To avoid confusion, the more generic term ‘planned contrast’ will be used instead of 
repeated contrast for the rest of the thesis.  
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with sequence (repeated and random) and session (1, 2, 4 and 7) as independent 
variables and accuracy and RT as dependent variables. For the change in performance 
of the tone counting task, the number of tones reported by the participants was 
subtracted from the actual number of tones presented to obtain a measure of errors 
made. A three-way RM-ANOVA was performed with Tone Type (high and low), 
Sequence and Session as independent variables and error (in percentage) as the 
dependent variable to determine the change in the secondary tone counting task across 
sessions during the performance of the two sequences.  
 For the explicit recall task, recall was considered as correct in the following 
two cases: 1) the first or last two recalled responses were the same as the start or end 
of the repeated sequence and 2) if any three or more consecutive recalled responses 
were the same as any part of the repeated sequence. Using the aforementioned criteria, 
for the each sub-sequence that was identified as correct, the number of individual 
element in them were counted and used for scoring the proportion of correctly 
recalled response (Heun et al., 2004).  The proportion of correctly recalled response 
was then used as the dependent variable in a one-way RM-ANOVA with session as 
the independent variable as an indication of the progress of explicit learning. 
Finally, for all RM-ANOVAs performed in this study, sphericity was not 
assumed and Greenhouse-Geisser correction was applied.  
 
fNIRS data. The intensity data were normalized by the mean for each channel 
and converted to change in concentration of oxyhemoglobin (HbO) and de-
oxyhemoglobin(HbR) using the modified Beer-Lambert law (see Strangman, 
Franceschini & Boas, 2003 for details). This conversion was performed using 
published wavelength-dependent differential pathlength factors (Duncan et al., 1996) 
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and extinction coefficients (Boas et al., 2001; Wray et al., 1988). The concentration 
values were then pulse-corrected to remove artefacts from vascular pulsations 
(Gabriele Gratton & Corballis, 1995) and filtered with a 0.005Hz to 5Hz band-pass 
filter. Since HbO is generally more sensitive to task-related changes and more 
consistent with the changes observed in regional cerebral blood flow than HbR, 
analyses reported here were limited to HbO concentration change data (Hatakenaka et 
al., 2007; Hoshi, 2007). 
 Similar to fMRI analyses, predicted time series were generated by convolving 
the hemodynamic response function (SPM 8) with the impulse function for each event, 
i.e., from the onset to the offset of one sequence trial. The pulse-corrected bandpass-
filtered HbO concentration change from each channel was then correlated with the 
predicted time series for repeated and random conditions separately for each 
recording block and each participant. The Beta weight for each condition was 
estimated, Fisher-transformed and averaged across each recording block for each 
participant in each session (Rykhlevskaia, Fabiani, & Gratton, 2006).  
The averaged data were analyzed using Opt-3D (G. Gratton, 2000) for 
generation of statistical maps. In Opt-3D, the optical signal, in this case hemoglobin 
concentration change, for a given voxel was defined as the mean value of the channels 
that overlapped at that particular voxel (Wolf et al., 2000). Channels with source-
detector distances shorter than 20mm and longer than 60mm were excluded from 
statistical map analysis as the light path would be too short to have reached the 
cortical surface or too long to have enough light reaching the detector, respectively. 
Channels were also removed if the standard deviation of the phase delay data was 
greater than 230 picseconds (i.e. the channel was excessively noisy).  
25 
 
t-statistics of the concentration data were calculated at group level for each 
voxel and were converted to Z-scores. Statistical maps were generated by back-
projecting the Z-scores onto the superior axial surface of a template brain in Talarich 
space and an 8 mm spatial filter was applied to the functional data (hemoglobin 
concentration change) (Tse et al., 2007). Due to this back-projection procedure, the 
Talairach coordinates reported here comprise of x (left-right) and y (anterior-posterior) 
values only. 
ROIs (20 mm x 20 mm) were constructed based on previous studies on 
sequence tapping for bilateral dorsal-lateral prefrontal cortices (DLPFC), 
supplementary motor area (SMA), pre-supplementary motor area (pre-SMA) and 
bilateral primary motor cortices (M1) (Catalan et al., 1998; Heun et al., 2004). Within 
each ROI, corrections for multiple comparisons were carried out using the methods 
described by Friston and colleagues (1994). Interaction contrasts were set up to test 
the hemodynamic response at each ROI for the sequence-by-session effect. In this 
contrast, the difference between the repeated and random sequence in the earlier 
session was subtracted from the difference in the later session. Three such contrasts 
were performed between adjacent imaging sessions: a) between Session 1 and 2 for 
the difference in hemodynamic activity between the early learning and the late 
learning phases; b) between Session 2 and 4 for changes during the late learning phase 
and c) between Session 4 and 7 for difference in hemodynamic activity between the 
late and automatic phases. For ROIs with significant sequence-by-session interaction, 
a Repeated-Random (Rp-Rn) contrast was used to examine the effect of sequence 





Chapter 3. Results 
Four participants (1 female) were removed from the analysis because they 
could not recall more than 80% of the repeated sequence at the end of session 7 (M = 
56.6%, SD = 17.0%). The remaining 14 participants could make perfect recall of the 
sequence by Session 7 and they were used for the analyses of the behavioral and 
fNIRS imaging results.  
 
3.1 Behavioral Results 
 
Main learning task. For accuracy of the main learning task, a two-way 
repeated-measure analysis of variance (RM-ANOVA) revealed no main effect of 
Sequence (F(1, 13) <1) and no main effect of Session (F(1.55, 20.2) = 3.20,  p = .073).  
In addition, there was no Sequence-by-Session interaction (F(2.28, 29.6) = 1.67, p 
= .202). Hence, accuracy did not differ between sequences and among sessions. For 
the mean accuracy and standard error in each session for each sequence, see Figure 6.  
Figure 6. Mean accuracy of repeated and random sequence tapping (with standard error) for 
the main learning task in each session. There was no difference between sequences and 




For response time (RT, Figure 7), there was a significant main effect of 
Sequence (F(1, 13) = 69.9, p < .001), a significant main effect of Session (F(1.87, 
24.3) = 30.8, p < .001) and a significant Sequence-by-Session interaction (F(1.66, 
21.5) = 37.8, p < .001). Simple main effect of Session for the repeated sequence was 
significant, F(6, 22.1) = 36.3, p < .001. Planned contrasts showed that there was a 
significant reduction in RT between Session 1 and Session 2 (F(1, 13) = 26.7, p 
< .001), Sessions 2 and Session 3 (F(1, 13) = 9.77, p = .008), Sessions 3 and Session 
4 (F(1, 13) = 17.2, p = .001) and also Sessions 4 and Session 5 (F(1, 13) = 25.3, p 
< .001). However, RT was not significantly different between Sessions 5 and 6 or 
Sessions 6 and 7 (Fs < 1). For the random condition, the simple main effect of 
Session was also significant, F(6, 35.5) = 5.58, p = .004. Planned contrasts revealed a 
significant difference in RT between Session 1 and Session 2 (F(1, 13) = 12.9, p 
= .003). Consistent with the hypothesis, the change in RT across sessions for the two 
conditions followed a different trajectory as indicated by the significant two-way 
interaction. RT for the repeated sequence was faster and it improved with sequence 
learning until it reached asymptote at later stages of learning (at Session 5). On the 
other hand, participants mastered the visuo-motor association early in the training 




Figure 7. Mean RT (with standard error) for the repeated and random sequences for the main 
learning task in each session. RT for the repeated sequence is faster and it improved with 
session until it reached the later stages of learning. RT for the random sequence did not show 
such improvement and plateaued earlier in the training.   
 
Dual Task. There was a significant main effect of Sequence (F(1, 13) = 26.7, 
p < .001) and significant main effect of Session (F(1.33, 17.3) = 16.7, p < .001) for 
accuracy of the tapping task. The Sequence-by-Session interaction was not significant, 
F(1.22, 15.9) < 1 (Figure 8). Collapsed across session, accuracy for tapping the 
repeated sequence during the dual task was higher than tapping the random sequence. 
Across both sequences, accuracy improved from Sessions 1 to Session 4 (F(1, 13) = 
12.0, p = .004) but there was no significant difference between Sessions 4 and Session 




Figure 8. Mean accuracy (with standard error) of the sequence tapping component in the dual 
task paradigm. There was no Sequence-by-Session interaction. Collapsed across all sessions, 
there was higher accuracy for the tapping of the repeated sequence condition than the random 
condition. Across both sequences, accuracy was higher in Session 4 than in Session 1.  
 
 
For RT in the tapping performance in the dual task , two-way RM-ANOVA 
revealed a significant main effect of Sequence (F(1, 13) = 23.8, p < .001) and 
significant main effect of Session (F(1.62, 21.1) = 33.3, p < .001). In addition, there 
was a significant Sequence-by-Session interaction, F(1.41, 18.4) = 19.0, p < .001 
(Figure 9), suggesting that the change in RT among the sessions was different for the 
two conditions. In addition, The simple main effect of Session on the repeated 
sequence was significant, F(1.50, 19.4) = 32.3, p < .001. RT improved from Session 1 
to Session 4 (F(1, 13) = 38.7, p < .001) and from Session 4 to Session 7 (F(1, 13) = 
6.10, p = .028). There was also a significant simple main effect of Session on the 
random condition, F(1.84, 24.0) = 22.5, p < .001. RT improved from Session 1 to 





Figure 9. RT (with standard error) for repeated and random sequence tapping in the dual task 
paradigm. RT decreased from Session 1 to Session 4 and from Session 4 to Session 7 for the 
repeated sequence. For the random sequence, only the reduction between Session 1 and 
Session 4 was significant. Asterisks indicate sessions where the decrease in RT between 




For the secondary tone-counting task, a three-way RM-ANOVA failed to 
reveal a significant tone-by-Sequence-by-Session interaction, F(1.64, 21.3) < 1. 
Counting errors for high tones and low tones were evaluated separately in two RM-
ANOVAs with sequence and session as the independent variables (Figure 10). For 
high tones, there was a main effect of Session, F (1.56, 20.0) = 14.5, p < .001. 
Participants made more counting errors in Session 1 compared to Session 4 (F (1, 13) 
= 21.4, p < .001), but the difference between Session 4 and Session 7 was non-
significant, F (1, 13) <1. The main effect of Sequence and the Sequence-by-Session 
interaction were not significant (F (1, 13) = 3.56, p = .084 and F (1.43, 28.6) <1, 
respectively). Similarly, for low tones, there was a main effect of Session (F (1.84, 
24.0) = 6.80, p = .005), but no main effect of Sequence and no Sequence by Session 
interaction (Both Fs < 1). More errors were made in Session 1 than Session 4 (F (1, 
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13) = 4.90, p = .045), but the difference was not significant between Session 4 and 




Figure 10. Group Mean error by Sequence and Session for the tone-counting task (with 
standard error). For both tones, there was a main effect of Session. Percentage of error made 
was smaller in Session 4 compared to Session 1, but there were no change between Session 4 




Explicit recall task. No participant could identify the repeated sequence in 
Session 1, but all of them could recall the repeated sequence perfectly by Session 6 
(Figure 11). A one-way RM-ANOVA was conducted on the proportion of sequence 
recalled successfully from Session 2 to Session 6 and it revealed a significant main 
effect of Session, F (2.02, 26.3) = 328, p < .001. Planned contrasts indicated that the 
difference was significant from Session 2 to Session 3 (F (1, 13) = 100, p < .001), 
Session 3 to 4 (F (1, 13) = 644, p < .001) and Session 4 to Session 5 (F (1, 13) = 6.30, 
p = .026). Recall performance levelled off between Session 5 and Session 6 (F (1, 13) 
< 1), where performance in the recall task approached 100%. Hence, there was a 
significant increase in the declarative memory of the sequence between adjacent 
sessions from the end of Session 2 and Session 5, suggesting that there was explicit 
sequence learning taking place in these sessions. 
 
Figure 11. Proportion of the repeated sequence recalled (with standard error) at the end of 
each session. There was significant improvement between adjacent sessions from the end of 
Session 2 to Session 5, indicating that explicit learning was taking place. Asterisks indicate 







3.2 fNIRS results 
 
For the fNIRS data, after regression of the concentration data with the 
predicted time series generated from a canonical hemodynamic response function 
(hrf), Z scores were calculated from the beta weights and back-projected to a template 
brain. ROIs were constructed to test for the significance of Sequence-by-Session 
effects between adjacent imaging sessions: a) between Session 1 and Session 2 for the 
difference in hemodynamic activity between the early learning and the late learning 
phases; b) between Session 2 and Session 4 for changes the during the late learning 
phase and c) between Session 4 and Session 7 for difference in hemodynamic activity 
between the late and automatic phases. In addition, for ROIs with a significant 
Sequence-by-Session interaction, a Repeated-minus-Random (Rp-Rn) contrast was 
used to examine the effect of sequence learning across sessions using the random 
sequence condition as baseline. 
Four ROIs revealed at least one significant Sequence-by-Session interaction: 
the left dorsal-lateral prefrontal cortex (DLPFC), supplementary motor area (SMA), 
pre-supplementary motor area (pre-SMA) and right primary motor cortex (M1). Their 
peak Z-scores, Z critical and locations of the peak hemodynamic responses in 
Talairach coordinates are reported in Table 1. Statistical maps (Z-scores) of the 
interaction contrasts are presented in Figures 12 to 15. In addition, the mean beta 
weights at the peak Z-score voxel for the Rp-Rn contrast at each session is also shown 
in a profile plot together with the corresponding statistical maps to illustrate how the 










 Session(s) Peak Z (Z critical) x, y
c
 
Left DLPFC Interaction 2 minus 1 3.05 (2.72) -59, 24 
  4 minus 2 1.49 (2.78) n.s. 
  7 minus 4 -2.82 (-2.75) -41, 27 
 Rep - Ran 1 2.02 (2.68) n.s. 
  2 2.92 (2.63) -59, 13 
  4 3.93 (2.66) -61, 7 
  7 0.84 (2.77) n.s. 
SMA Interaction 2 minus 1 4.35 (2.96) -3, -7 
  4 minus 2 1.92 (2.75) n.s. 
  7 minus 4 2.19 (2.85) n.s. 
 Rep - Ran 1 -3.73 (-2.84) -3, -3 
  2 2.81 (2.80) -2, -6 
  4 2.38 (2.82) n.s. 
  7 2.84 (2.78) 3, 2 
Pre-SMA Interaction 2 minus 1 -2.91(-3.04) -3, 19
#1
 
  4 minus 2 2.96 (3.07) -2, 20
#2
 
  7 minus 4 3.09 (3.09) -3, 19 
 Rep - Ran 1 2.30 (2.97) n.s. 
  2 0.53 (2.99) n.s. 
  4 2.64 (2.99) n.s. 
  7 3.69 (3.11) -3, 21 
Right M1 Interaction 2 minus 1 -2.60 (-2.58) 33, -17 
  4 minus 2 1.24 (2.55) n.s. 
  7 minus 4 2.67 (2.64) 48, -22 
 Rep - Ran 1 2.49 (2.85) n.s. 
  2 2.41 (2.40) 46, -6 
  4 2.45 (2.42) 32, 13 
  7 0.57 (2.72) n.s. 
aROI, region of interest; DLPFC, dorsal-lateral prefrontal cortex; SMA, supplementary motor 
area ; pre-SMA, pre-supplementary motor area; M1, primary motor cortex.  
bContrasts are formulated in the following way: Interaction = (Reps-Rans)-(Reps-1-Rans-1); Rep 
– Ran = Reps-Rans, where s represents session number. 
cx and y are Talairach coordinates;  n.s., non-significant. 
# 1considered as marginally significant. P value for peak Z was .0018; p for Z critical after 
adjustment for multiple comparisons was .0012. 
# 2considered as marginally significant. P value for peak Z was .0015; p for Z critical after 





Left DLPFC. Sequence-by-session interaction was significant in the left 
DLPFC between Session 1 and Session 2 and between Session 4 and Session 7 (Table 
1 and Figure 12A).  Oxy-hemoglobin concentration change (HbO) in the left DLPFC 
for the repeated sequence relative to the random sequence baseline increased from the 
first session to the second session, but decreased from Session 4 to the last session. 
There was no change between Session 2 and Session 4. In addition, as revealed by the 
Rp-Rn contrast, the difference between the repeated and random sequence tapping in 
the left DLPFC was significant in Session 2 and Session 4 (Table 1, Figure 12B and 
127C ). In these sessions, activity for the repeated sequence was higher than that for 
the random sequence in the left DLPFC. Hence, activity in the left DLPFC was higher 
in the late learning phase than the early learning phase, but it decreased with task 
automaticity. Furthermore, sessions where there was higher hemodynamic activity in 
the left DLPFC for the repeated sequence than the random sequence also coincided 














Figure 12. Hemodynamic changes in DLPFC across sessions. (A) Z-scores statistical maps 
showing the HbO response for the interaction contrast with ROI in DLPFC (green box). Dark 
grey area indicates the montage coverage. (B) Mean change in HbO activity (with standard 
error) expressed as beta weights in the repeated sequence condition using the random 
condition as baseline (Rp-Rn contrast) across the four imaging sessions. Activity in the left 
DLPFC is higher in the delay learning phase, Session 2 and 4 than in the early learning and 
automatic phase, which coincided with the explicit learning phase. Asterisks above brackets 
indicate that the change between the two sessions (interaction, upper panel) was significant. 
Asterisks to the right of the data point indicate that the Rp-Rn contrast (difference between 
the two conditions, lower panel) is significant at that session. (C) Statistical maps for Rp-Rn 




SMA. For the SMA, the interaction contrast was significant between Session 1 
and 2, but not between Session 2 and Session 4 and Session 4 and Session 7 (TableR1 
and Figure 13A).  The HbO hemodynamic activity in the SMA for the repeated 
sequence relative to the random sequence increased from Session 1 to Session Session 
2 but there was no change in the subsequent sessions. This suggests that activity in the 
SMA for the repeated sequence increased after the early learning phase and did not 
change subsequently.  
 Looking at the Rp-Rn contrast, it was significant in sessions 1, 2 and 7 (Table 
1, Figure 13B and 13C). Activity in SMA for the repeated sequence in Session 1 was 
lower than in the random sequence, but higher in Session 2 and Session 7. Although 
the interaction contrasts were not significant after Session 2 (which suggests no 
change in the Rp-Rn activity in the later sessions after the increase in Session 2), the 
Rp-Rn contrast became not significant on Session 4. Post-hoc correlation analysis 
revealed a significant negative relationship between the Rp-Rn activity in SMA in 
Session 4 and the Rp-Rn activity in left DLPFC in the same session (r(7) = -.62, p 
= .048
4
). Thus, the activity in the SMA is negatively correlated to the activity in the 
left DLPFC in session 4 when explicit learning was taking place. 
 
                                                            
4 Degree of freedom for the correlation analysis was only 7 because after removing potentially noisy 
channels, not all participants had channels that contributed to the result in the peak voxel. 
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Figure 13. Hemodynamic changes in SMA across sessions. (A) Z-scores statistical maps 
showing the HbO response for the interaction contrast with ROI in SMA (green box). Dark 
grey area indicates the montage coverage. (B) Mean change in HbO activity (with standard 
error) expressed as beta weights in the repeated sequence condition using the random 
condition as baseline (Rp-Rn contrast) across the four imaging sessions. Activity in the SMA 
is increased after the early learning phase. There was no difference in the repeated and 
random condition in Session 4 but activity in that session is negatively correlated with activity 
in the left DLPFC in the same session. Asterisks above brackets indicate that the change 
between the two sessions (interaction, upper panel) was significant. Asterisks to the right of 
the data point indicate that the Rp-Rn contrast (difference between the two conditions, lower 
panel) is significant at that session. (C) Statistical maps for Rp-Rn contrast at each session   
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 Pre-SMA. For the pre-SMA, the interaction contrast was significant between 
Session 4 and Session 7, but marginally significant between Session 1 and Session 2 
and between Session 2 and Session 4 (Table 1 and Figure 14A). Activity in pre-SMA 
for the repeated sequence relative to the baseline random sequence condition 
decreased between the first two sessions. Subsequently, it increased between Sessions 
2 and 4, and Sessions 4 and 7. In other words, HbO concentration change in the pre-
SMA decreased after the early learning phase and increased with sequence learning in 
the later sessions. The Rp-Rn contrast was significant on the last session where 
activity for performing the repeated sequence was higher than that of the random 
sequence (Table 1, Figure 14B and 14C). Hence, pre-SMA was more activated in the 







Figure 14. Hemodynamic changes in pre-SMA across sessions. (A) Z-scores statistical maps 
showing the HbO response for the interaction contrast with ROI in pre-SMA (green box). 
Dark grey area indicates the montage coverage. (B) Mean change in HbO activity (with 
standard error) expressed as beta weights in the repeated sequence condition using the 
random condition as baseline (Rp-Rn contrast) across the four imaging sessions. Activity in 
the pre-SMA is decreased after the early learning phase and increased subsequently as 
sequence learning progress. Asterisks above brackets indicate that the change between the 
two sessions (interaction, upper panel) was significant. Asterisks to the right of the data point 
indicate that the Rp-Rn contrast (difference between the two conditions, lower panel) is 
significant at that session. (C) Statistical maps for Rp-Rn contrast at each session.  
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Right M1. The Sequence-by-session contrast was significant for the right M1 
between Session 1 and Session 2 and between Session 4 and Session 7 (Table 1 and 
Figure 15). There was no change between Sessions 2 and 4. Hemodynamic activity 
for the repeated sequence in the right M1 increased from Session 1 to Session 2, but 
decreased between Session 4 and Session 7 when compared to the random sequence 
baseline. The Rp-Rn contrast was significant in Session 2 and Session 4, where 
activity in this region was higher when participants were tapping the repeated 
sequence (Table 1, Figure 15B and 15C). The contralateral M1 was more activated in 
the delayed phase of sequence learning than the early learning phase and it decreased 






Figure 15. Hemodynamic changes in M1 across sessions. (A) Z-scores statistical maps 
showing the HbO response for the interaction contrast with ROI at right M1 (green box). 
Dark grey area indicates the montage coverage. (B) Mean change in HbO activity (with 
standard error) expressed as beta weights in the repeated sequence condition using the 
random condition as baseline (Rp-Rn contrast) across the four imaging sessions. Activity in 
the contralateral M1 is higher in the delay learning phase but it decreased in the automatic 
phase. Asterisks above brackets indicate that the change between the two sessions 
(interaction, upper panel) was significant. Asterisks to the right of the data point indicate that 
the Rp-Rn contrast (difference between the two conditions, lower panel) is significant at that 




Chapter 4. Discussion 
The current study examined various stages of motor sequence learning with 
functional near-infrared spectroscopy (fNIRS) using a Serial Response Time Task 
(SRTT) (Nissen & Bullemer, 1987). Participants were trained on a repeated sequence 
(sequence-learning condition) and random sequences (no-learning condition) for 
seven sessions until task automaticity was achieved for the repeated sequences. 
Response time for the repeated sequence reached asymptotic level and dual-task 
paradigm revealed a decrease in interference of the secondary task at the end of the 
training schedule. Recall of the task sequence was measured at the end of each session 
to measure the explicit learning process. Performance for this task suggests that 
explicit learning took place mainly in the middle of the training schedule, between the 
end of Session 2 to the end of Session 4. fNIRS imaging was performed to measure 
functional brain reorganization in terms of oxyhemoglobin (HbO) concentration 
changes at the different stages of motor sequence learning, the early learning phase, 
the late learning phase and the automatic phase. There were changes in hemodynamic 
activity in the dorsal-lateral prefrontal cortex (DLPFC), the supplementary motor area 
(SMA), the pre-supplementary motor area (pre-SMA) and the contralateral primary 
motor area (M1) at different stages of motor sequence learning.  
 
4.1 Behavioral changes during motor sequence learning 
 
Although there was no change in accuracy in this task, across participants 
response time for the repeated sequence decreased until an asymptote level was 
reached towards the end of the training schedule at Session 5. On the other hand, there 
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was no change in the response time for the random condition very early in the training 
schedule. Consistent with reports in the literature, repeated training with the same 
sequence lead to learning as observed in the response time gains in performance 
measure. This reduction in the response time started before any conscious awareness 
of the regularities in the repeated sequence was reported. Hence, the learning process 
at the beginning is assumed to be primarily implicit. Explicit learning took place 
mainly from the end of Session 2 to the end of Session 4, where there was a 
significant improvement in the recall performance. Towards the end of the training 
schedule, after Session 5, recall for the repeated sequence was close to perfect.  
Behavioral results from the main learning task suggest that a ‘bottom-up’ 
progression in motor sequence learning is possible (Sun et al, 2001). Most research to 
date has studied sequence learning by minimizing the effect of explicit learning and in 
some studies, the sequence was memorized before the sequence learning task 
(Destrebecqz & Cleeremans, 2001; Grafton et al., 1995; Sakai, Ramnani, & 
Passingham, 2002; Strangman et al., 2005; Sun et al., 2007). This approach is similar 
to a ‘top-down’ progression where individuals learned the verbal, declarative aspects 
first before acquisition of procedural skills (Sun & Peterson, 1998). In the present 
study, no a-priori information was given before the task. Motor sequence learning 
started off implicitly first where mainly procedural aspects of the task, such as 
response time, were optimized. This occurred in the absence of any conscious 
awareness of the regularities that were present in the repeated sequence. After some 
procedural aspects of the task had been learned, declarative knowledge of the 
sequence developed via explicit learning. Hence, the data from the current research 
support a more bottom-up progression of motor sequence learning (Sun et al, 2001). 
That is, when individuals are not provided with sufficient a-priori knowledge of the 
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task, some procedural skills may develop first before the declarative knowledge is 
learned and constructed. 
Consistent with most studies using SRTT (Robertson, 2007), the learning 
effect obtained here predominantly manifested in the response time. Accuracy for the 
task was close to 90% for both sequence conditions in all the sessions. It is possible 
the task was too easy such that accuracy was already at the asymptotic level from the 
beginning, making it less sensitive to the changes brought about by learning.  More 
importantly, the dissociation between accuracy and response time also supports the 
motor skill learning model proposed by Hikosaka et al (2002) ,where accuracy and 
response time are acquired in two separate mechanisms (Luft & Buitrago, 2005; 
Savion-Lemieux & Penhune, 2005; Song et al, 2007). With long delays in terms of 
months, a decrement in accuracy was observed, but not speed (Hikosaka et al., 2002). 
In non-human primate studies of sequence learning, accuracy, but not response time, 
was transferred to the non-trained hand, demonstrating a different transfer pattern 
between the two behavioral measures too (Rand et al., 2000). In all, the different 
learning trajectory observed in accuracy and response time might reflect that the task 
was not difficult enough to observe learning-related effects in accuracy. It also 
provides support to a motor skill learning model which posits that different behavioral 
aspects of a motor skill are acquired in separate mechanisms.  
In addition, a dual-task paradigm was administered separately to assess task 
automaticity. Performing a secondary task can cause interference with the main 
sequence task as both tasks can tap into the limited general pool of cognitive and 
attentional resources (Frensch, Lin, & Buchner, 1998; Shanks & Channon, 2002). In 
fact, researchers have used this paradigm to prevent explicit learning from taking 
place (Grafton et al., 1995). In some cases, the interference from the secondary task 
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could also suppress the behavioral improvements associated with learning (Ashe et al., 
2006). In the present research, this interference from a secondary task was used to 
assess task automaticity in a separate dual-task paradigm that was administered after 
the main learning task.  
Performance in the dual-task paradigm implied a gain in task automaticity for 
the execution of the repeated sequence in the last session. Between Session 4 and 
Session 7, response time for the repeated sequence tapping in the dual-task paradigm 
continued to improve, suggesting a reduction in the interference of the secondary task. 
At the same time, there was no performance gain for the random condition and the 
secondary tone-counting task. Hence, reduced interference for the repeated sequence 
could not be accounted for by improved visuo-motor associations in the primary task 
or improved performance in the secondary task, but it is more likely to be caused by 
the gain in automaticity for the repeated sequence.  
 
4.2 Functional reorganization during motor sequence learning 
 
With motor sequence learning, functional reorganization in terms of 
oxyhemoglobin (HbO) concentration changes was observed in a few cortical regions. 
In the left dorsal-lateral prefrontal cortex (DLPFC), HbO concentration was greater 
during the late learning phase in Session 2 and 4. This increase in activity paralleled 
the increase in the conscious awareness of the sequence as revealed by the explicit 
learning trajectory. In another words, activity in the DLPFC was greatest when 
explicit learning was taking place. In the supplementary motor area (SMA), HbO 
concentration was higher for the repeated sequence after some level of implicit 
learning had taken place. However, in Session 4 a difference in this region between 
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the repeated and random sequence tapping was not present. This lack of difference in 
activation also occurred in the session when explicit learning was taking place. In fact, 
the recall performance increased by close to 50% from the end of Session 3 to the end 
of Session 4. Moreover, the activity in SMA in this session was also negatively 
correlated to the activity of DLPFC in the same session. For pre-SMA, hemodynamic 
activity for the repeated sequence was higher at the beginning than during the late 
learning phase, when the repeated sequence was still novel. Activity in this region 
was also higher when the repeated sequence was over-learned at the automatic phase 
such that the repeated sequence could be recalled perfectly. For the contralateral 
primary motor cortex (M1), it was more activated during the late learning phase at 
Session 2 and 4. With task automaticity, a reduction in activity was observed in the 
last session.  
 
Activity in DLPFC and SMA: Competition between the explicit and 
implicit learning mechanisms. Consistent with past research, DLPFC was activated 
when explicit learning was taking place (Aizenstein et al., 2004; Schendan et al., 2003; 
Willingham et al., 2002). The DLPFC has been implicated in cognitive processes such 
as rule learning (Strangman et al., 2005), goal-oriented movements and maintenance 
of spatial sequences in working memory (Grafton et al., 2002; Willingham, 1998) 
which may be involved during the encoding and retrieval of the regularities in the 
repeated sequence during explicit learning.  In the present study, learning-related 
hemodynamic changes were only observed in the left DLPFC but not the right 
DLPFC. Higher activation in the left DLPFC than the right counterpart has been 
observed when comparing complex tasks with simple tasks (Heun et al., 2004; 
Hunkin et al., 2000; Jueptner et al., 1997). It is probable that the lack of any a-priori 
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information about the sequence had made the acquisition of declarative knowledge 
challenging to the participants.  
Activity in SMA has been associated with internally-generated movement 
(Mier, 2000) and temporal coordination of sequential movements (Gerloff & Andres, 
2002) and research has shown that activity in this area increases with the acquisition 
of the sequential movement (Heun et al., 2004; Nachev et al., 2008). In the present 
study, activity in this area increased after the early learning phase and it was higher 
than that of the random sequence when there was an increase in task automaticity. 
However, the SMA was not consistently activated during the late learning phase. 
Activity seemed to decrease when explicit learning was taking place. It is likely that 
during explicit learning, participants were paying attention to the regularities of the 
sequences, causing movements to become more externally-generated and reducing the 
effort required for temporal coordination.  
Taken together, the results for DLPFC and SMA seem to suggest that there 
was some form of competition between the explicit sequence learning and implicit 
sequence learning processes. Consistent with this idea, there was a negative 
correlation in the hemodynamic activities between these two regions in Session 4. 
Furthermore, single-session studies have shown that when explicit attempts were 
made at learning the sequences, there was sustained activation in the prefrontal cortex. 
Interestingly, in these studies there was also a concomitant decrease in activity in the 
brain network involved in implicit learning (Destrebecqz et al., 2005; Fletcher et al., 
2005). In a longitudinal study by Steele and Penhune (2010) using a temporal motor 
sequencing task, activity in the frontal areas also increased during the late learning 
phase with decreased activation in the motor cortical regions including SMA. The 
authors attributed this observation to ‘increased working memory monitoring’ and 
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‘decreased motor planning’ with sequence learning. Unfortunately, the level of 
explicit awareness was not measured in this study, but it also possible that participants 
in this study acquired some declarative aspects of the task (i.e. some explicit learning 
has taken place) due to repeated exposure to it across multiple training sessions. 
Hence, these results, together with those obtained in the present study, suggest that 
activity in the PFC during explicit learning process can interfere with the network 
involved in implicit learning (Ashe et al, 2006; Destrebecqz et al, 2005; Fletcher et al, 
2005).  
Activation of pre-SMA in novel and over-learned sequences. Activation in 
the pre-SMA was higher in the first session, during the early learning phase. 
Subsequently, it increased again in the late learning phase and in the automatic phase 
(i.e. Session 4 onwards), after the declarative aspects of the repeated sequence were 
learned. Consistent with the literature, the pre-SMA was involved in the learning of 
novel sequences, where its role seems to be related to visuo-motor association  (Sakai 
et al., 1999), information processing (Hoshi & Tanji, 2004) and cognitive control of 
movement preparation in the situation of response conflict (Nachev, Wydell, O’Neill, 
Husain, & Kennard, 2007). At the same time, activity in the pre-SMA at the later 
stages of learning might be related to chunking of over-learned sequences to smaller 
subunits (Ashe et al, 2006; Nachev et al, 2008). Transcranial magnetic stimulation 
(TMS) disrupts the production of over-learned sequences only when it is applied at 
the beginning of each chunk but not in the middle of the chunk (Kennerley et al., 
2004). In the present study, hemodynamic change in pre-SMA increased in the later 
sessions after the formation of declarative knowledge for the repeated sequence. It is 
possible that some conscious knowledge of the sequence components can facilitate 
chunking of the sequence into smaller subunits.  
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Change in this region was only marginally significant between Session 1 and 2 
and between Session 2 and 4. It is likely due to the fact that the study design was not 
efficient for detecting changes in the pre-SMA. Changes in the early learning phase 
occur rapidly. Prior studies examining the role of pre-SMA in the acquisition of novel 
sequences have shown that activity decreased across the block within the first session 
(Hatakenaka et al., 2007). On the other hand, analyses in the current study were 
focused on the mean change of each session. Furthermore, in over-learned sequences, 
pre-SMA is only active at selected points in the sequence (Kennerley et al., 2004). 
Examining effects across the whole sequence may not be sensitive enough to detect 
the change in pre-SMA activity across various learning stages.  
M1 and the locus of long-term motor memory storage. The M1 has been 
thought to be the site of storage for long-term motor memory acquired through 
learning (Karni et al., 1995). The acquisition of motor skills, including sequential 
behaviors, can lead to profound changes and functional reorganization of M1 at 
different stages of motor learning (Matsuzaka, Picard, & Strick, 2007).  In the current 
study, the HbO concentration change was larger during the late learning phase. This 
observation parallels the findings from functional magnetic resonance (fMRI) studies 
that observed an increase in signal intensity and the expansion of  the area 
representing the acquired motor skill in M1 after consolidation of the skill and 
multiple sessions of practice (Floyer-Lea & Matthews, 2005; Steele & Penhune, 2010; 
Witt et al., 2008). However, as the repeated sequence tapping became more automatic 
after prolonged practice, activity in the region decreased. Lower activation is 
attributed to improved neural efficiency, where a smaller number of neurons are 
needed to control a given finger (Puttemans et al., 2005). Such neural efficiency is 
also seen in professional musicians who are used as models of neuroplasiticity after a 
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long period of formal musical instruction and training (Jäncke et al., 2000). Hence, 
evolution of hemodynamic activity in M1 with motor sequence learning is consistent 
with the current literature.  
Framework for understanding motor sequence learning. Although 
research to date has largely focused on separately elucidating the mechanisms of 
implicit sequence learning and explicit sequence learning, it is clear that both 
processes can take place concurrently and contribute to motor sequence learning 
(Aizenstein et al, 2004; Song et al, 2007). Thus, frameworks and models of motor 
sequence learning have to be able to integrate both processes to offer a coherent 
picture of motor sequence learning (Penhune & Steele, 2012). One potential 
framework that incorporates both implicit and explicit sequence learning was 
proposed by Ashe et al. (2006). This framework consists of DLPFC, pre-SMA, SMA, 
M1 with bidirectional connections between these regions. When motor sequence 
learning is explicit, learning mechanisms such as rehearsal and chunking will 
originate from the DLPFC and propagate to the medial premotor area. When motor 
sequence learning is implicit, learning mechanisms will start from the M1 and 
propagate to the medial premotor area. However, in this framework, motor sequence 
learning does not have to proceed in an orderly progression from explicit to implicit 
or vice versa.  Depending on a number of factors such as the level of explicit 
awareness and stages of motor skill acquisition, explicit and implicit processes could 
predominate or interact during motor sequence learning. Hence, the relative 
involvement of each region cortical regions varies during the course motor sequence 
learning. 
Findings from the present study provide support to the framework proposed by 
Ashe et al. (2006). Learning began implicitly with optimization of some procedural 
52 
 
aspects of the task such as response time. Hemodynamic changes in the M1 and SMA 
increased as performance for the sequence tapping improved with learning. During 
the late learning phase, conscious awareness of the regularities in the repeated 
sequence increased, learning became predominantly explicit. Activity in the DLPFC 
and pre-SMA increased while activation in the SMA decreased. With prolonged 
practice, sequence tapping became more automatic and the sequence could be recalled 
perfectly. Activity in the DLPFC decreased and the acquired motor sequence was 
stored in the long-term motor memory site at M1 and executed efficiently with pre-
SMA and SMA involved in the temporal control and coordination of the behavior.  
 
4.3 Limitations of the current study 
 
 
By using fNIRS, only cortical activities associated with motor learning can be 
studied due to the limitations on light penetration of the head. Studies have also 
shown that sequence learning is supported by a complex network of cortico-
cerebrellar and cortico-striatal loops at different stage (Doyon & Benali, 2005).  
Changes in the cortical regions are also accompanied by the functional reorganization 
of these sub-cortical structures at various stages of learning. However, current fNIRS 











The current study examined functional reorganization of the cortical motor 
regions during motor sequence learning with functional near-infrared spectroscopy 
(fNIRS). Inconsistencies across prior studies may be due to the lack of consideration 
of the interplay between implicit and explicit learning mechanisms at different stages 
of motor skill learning. In the current study, motor sequence learning proceeded with 
a bottom-up progression, where some procedural aspects of the sequential behavior 
were learned first before the development of the declarative knowledge. Using fNIRS 
to study brain activity, the current study revealed that involvement of various brain 
regions changes with the course of learning, as implicit and explicit learning 
mechanisms became active at different motor learning stages.  In conclusion, brain 
imaging studies and models of motor sequence learning should take into account of 
the interaction of implicit and explicit learning mechanisms and the stage of motor 
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